Abstract The aquaporin-1 water channel was modeled in a palmitoyl-oleoyl-phosphatidyl-choline lipid bilayer, by means of molecular dynamics simulations. Interaction of the protein with the membrane and inter-monomer interactions were analyzed. Structural features of the channel important for its biological function, including the Asn-Pro-Ala (NPA) motifs, and the diffusion of water molecules into the channels, were investigated. Simulations revealed the formation of single file water inside the channels for certain relative positions of the NPA motifs. ß
Introduction
Aquaporins (AQPs) are a family of membrane channel proteins that can be found in a wide range of species, including human and other mammalians, amphibia, insects, plants, and bacteria (for a recent review, see [1] ). AQPs are responsible for the high osmotic permeability of certain cell membranes, such as mammalian red cell membranes [2^4] . All of the members of this family conduct water across the membrane to various degrees, and some of them can also conduct di¡erent solutes, such as glycerol and other small monosaccharides [1, 5] . The amino acid sequence of all AQPs is a tandem repeat, i.e., the ¢rst and second halves of the protein involve very similar sequences. AQPs also exhibit a structural pseudo two-fold symmetry, resulting from the similarity of the sequence of the two repeats [5^8] . Common to all AQPs is a characteristic NPA (Asn-Pro-Ala) motif in each repeat [9, 10] . Structurally, AQPs fold into six trans-membrane and two short helices. These short helices, which start from the middle of the membrane and go outward to the membrane surface, are preceded by two loops folding into the membrane from the surface. The NPA motifs are located near the N-termini of the short helices, almost in the middle of the membrane.
AQPs play important physiological roles, and thereby are of considerable importance in the biomedical sciences. Because of the variety of functions of these channels in animals, they have been associated with several clinical disorders [3] . AQPs are even more important in plants where they play a key role in several di¡erent processes [11] . More than 30 different AQPs have been characterized in di¡erent microorganisms [12] .
Aquaporin-1 (AQP1) was the ¢rst identi¢ed member of the family [13^15] . It is present in multiple human tissues, such as red blood cells and renal proximal tubules. AQP1 forms a homotetrameric assembly in lipid membranes [16, 17] . Many studies, however, have indicated that each monomer is a functional channel [18^21]. AQP1 has a relatively high water permeability (about two water molecules/monomer/ns [14, 22] ), but it does not conduct ions or other solutes [15, 23] . In particular, AQP1 does not exhibit proton conduction, which is an interesting feature because protons can usually pass along a column of water without signi¢cant moves of heavy atoms.
Several AQP1 structures at increasing levels of resolution have been solved using membrane crystals puri¢ed from red cells [7,8,24^28] . We used the structure with the highest resolution [7] to construct a model of AQP1 in a lipid bilayer. This structure provided us with su¤cient structural information needed for studying AQP1 at the atomic level. Here we report the results of an extensive series of molecular dynamics (MD) simulations performed on a fully hydrated model of the AQP1 tetramer in the lipid bilayer.
Materials and methods
The crystal structure of AQP1 [7] was obtained from the Protein Data Bank (PDB entry 1FQY). The monomeric coordinates were replicated using the transformation matrices provided in the PDB ¢le, in order to form a tetrameric structure. Hydrogen atoms were then added to the protein using XPLOR [29] , and employing the default titration states for titratable amino acids.
The available crystal structure [7] does not resolve any water molecules. For internal hydration of the structure, the program DOWS-ER [30] was used. The program checks a protein structure to locate internal cavities and accounts for the hydrophilicity of these cavities in Abbreviations: AQP, aquaporin; POPC, palmitoyl-oleoyl-phosphatidyl-choline; NPA, Asn-Pro-Ala; AQP1, aquaporin-1; RMSD, root mean square deviation; PME, Particle Mesh Ewald; GlpF, glycerol facilitator; MD, molecular dynamics terms of the energy of interaction of a water molecule with the surrounding atoms. Further water molecules were placed in the channel using the program SOLVATE [31] .
The hydrated tetramer was then superimposed on a solvated palmitoyl-oleoyl-phosphatidyl-choline (POPC) lipid bilayer patch consisting of 200 lipids, which had been equilibrated in our previous studies [32, 33] at 1 atm and 340 K for 1 ns, using full electrostatics, periodic boundary conditions, and a £exible unit cell. The membrane patch was su¤ciently large to accommodate the tetrameric structure of AQP1. The majority of the lipids overlapping with the protein were removed. In some cases, however, modi¢cation of the conformation of lipids could remove bad contacts, thereby avoiding the introduction of large gaps around the protein. This was done using programs VMD [34] and Insight-II [35] . More water was included in the system by adding a 30 A î thick slab from an equilibrated water box. The resulting system contained about 60 000 atoms.
Most simulations were performed in two phases. In a ¢rst phase, the lipids and bulk water were minimized and equilibrated for 1 ns while keeping the coordinates of protein atoms ¢xed. In a second phase, the protein was free to move, and minimization and equilibration steps were repeated for the whole system. In the following sections, the phases will be referred to as phases I and II, respectively. All simulations were performed using the CHARMM22 force ¢eld [36, 37] , the TIP3P water model and the MD program NAMD2 [38] , with periodic boundary conditions at constant temperature (310 K) and constant pressure of 1 atm (NpT ensemble). Langevin dynamics and Langevin piston methods were used to keep temperature and pressure constant. Full electrostatics was employed using the Particle Mesh Ewald (PME) method [39] . In order to render the whole system electrically neutral, as required by the PME method, eight chloride ions were added to the bulk water of the unit cell. A 1 ns simulation of the fully hydrated model of AQP in the lipid bilayer took about 5 days of parallel computation on 64 Cray T3E processors.
Results and discussion
Several models were constructed and simulated. In the ¢rst model (model 1) the channels included at the beginning of the simulation only water molecules added by DOWSER [30] . In model 2, additional water molecules were included by SOL-VATE [31] , in an attempt to form a continuous water ¢le in the channel. In model 3, the NPA motifs were arranged at the outset of the simulation to adopt the hydrogen bond network observed in the glycerol facilitator (GlpF) structure [5] . Model 4 had the same starting structure as model 3, but was subjected to MD simulations with application of constraints on the NPA motifs. These modi¢cations and constraints were applied to preserve the relative position of the NPA motifs, a feature which was found unstable in the absence of such interventions.
Protein/lipid behavior
Figs. 1 and 2 show the top and side views of the system at the end of the 1 ns equilibration of lipids and bulk water (phase I). During the simulations, lipid molecules adopt conformations that match the shape and charges of the exposed surface of the protein. During the equilibration of the lipids the thickness of the lipid bilayer (measured by average vertical distance between the phosphorus atoms of lipids in the two lea£ets) also changes. Fig. 3 shows the evolution of the membrane thickness during the 2 ns of equilibration (phases I and II). One can discern an increase in the thickness of the membrane which is mainly due to the relaxation of the lipids at the protein^lipid interface. In phase II of the simulation, the change of lipid thickness is relatively small (less than 2 A î ), implying that the lipids had reached a structural equilibrium with the protein.
The protein exhibited signi¢cant £uctuation during the simulations. This is demonstrated in Fig. 4 where the root mean square deviation (RMSD) of the structure of one of the AQP1 monomers relative to the crystal structure is plotted as a function of equilibration time. The RMSD of C K atoms is within bounds typical for MD simulations of structurally known and stable proteins ; the side chains show untypically large £uctuations. This may be attributed to the relatively low resolution of the starting structure (3.8 A î in plane, 4.4 A î normal to plane); while the overall folding of the protein has been described properly in the crystal structure, structural information about the side chains, especially in regard to the interactions between the amino acids, may not yet be accurate. This issue will be discussed further below where the NPA motif is described. The RMSD between the C K atoms of any two monomers at the end of the equilibration ranges from 2.1 A î to 2.6 A î (data not shown), values which are comparable to the RMSD between a monomer and the crystal structure.
Several major interactions between the amino acids and the head groups of lipids were observed in AQP1 monomers. Analyzing the major electrostatic interactions between the neighboring monomers in 1 ns showed that Arg 12 and Asp 228 , which are located near the N-and C-termini in neighboring monomers, stabilize the tetrameric assembly. Another pronounced interaction was found to arise through a hydrogen bond between the Gly 30 backbone oxygen and the hydroxyl group of Tyr 186 in the neighboring monomer. Within the same monomer, His 74 formed a hydrogen bond with the conserved Glu 17 ; a salt bridge between Glu 142 and Arg 195 proved very stable during all the simulations.
Water arrangement in the channel
In model 1, only two water molecules added by DOWSER were present in the channel at the beginning of the simulations. These water molecules were completely isolated from the bulk water. After 1 ns of equilibration several water molecules di¡used from the bulk into the channels. However, only in one channel did we observe a formation of an almost continuous single ¢le of water molecules; in all other channels the water chain was not well established.
The AQP1 channel has a high water permeability, and one can expect the presence of a continuous water column inside the channel. An empty channel is very unlikely to exist. Keeping this in mind, we decided to repeat our calculations in a model in which the water pores were completely hydrated (model 2). This was accomplished using the program SOL-VATE that suggested more hydration sites inside the channels than the program DOWSER.
During phase I of the simulation of model 2, the water molecules inside the channels rearranged themselves very quickly, and formed a single ¢le, where each water molecule was H-bonded to the adjacent molecule(s). Fig. 5 shows the water arrangement in one of the channels at the end of this phase. In phase II when the protein was free to move, however, the water ¢le was disturbed by protein £uctuations (see Fig. 4 ), and was often disconnected. As we will discuss in Section 3.3, this was mainly due to the large conformational changes of side chains, especially the Asn residues of the NPA motifs.
The major hydrogen bond partners of the water molecules inside the channel are the side chain nitrogen atoms of the Asn residues in the NPA motifs, as well as the main chain hydrogen (HN) and oxygen atoms of the two loops preceding the NPAs in each half. The free sulfhydryl group of Cys 189 was found to be mainly pointing toward the channel during the simulations. This is in accordance with the fact that binding of a mercury atom to this residue blocks the channel. It has been suggested that the central channel formed by the tetramerization of AQP1 could conduct water or ions [1, 5] . In none of the models studied in the present work, however, did we observe di¡usion of bulk water into the central channel. This is consistent with the hydrophobic nature of the major part of the surface of the central channel.
The structure of NPA motifs
The NPA motifs are highly conserved in all AQPs, and are thus expected to play an important role in the function of the channel. Our simulations of models 1 and 2 clearly showed that the side chains of Asn 76 and Asn 192 in the NPA motifs are not stable. In fact, the side chains £ip away from their original positions soon after the removal of the constraints on the protein in phase II of the simulations. These large £uctu-ations resulted in most cases in the rupture of water ¢les that form in the four channels. The ruptures are caused mainly through the introduction of a large spatial gap between the Asn residues of the two NPA motifs. The perturbed con¢g- uration of the Asn residues, unfavorable for the conduction of water, is inconsistent with the high water permeability of AQP1. One explanation for this perturbation might be structural inaccuracies of the NPA motifs in the published crystal structure. In regard to this, it is noteworthy that calculations on another member of the family, namely GlpF (paper submitted), found a stable con¢guration of the NPA motifs for this protein. The calculations were performed on the structure of GlpF solved at a higher resolution (2.2 A î ) [5] . In this structure, the side chains of each Asn from the NPA motifs are H-bonded to the Ala backbone nitrogen of the same repeat and the backbone carbonyl oxygen of the residue preceding the Asn in the other repeat. These interactions e¡ectively constrain the orientation of the Asn side chain, and make a polar hydrogen from the side chain NH group point toward the channel, serving as an important hydrogen bond donor for the glycerol or water molecules in the channel.
Since the NPA motifs are conserved for the whole family of AQPs, we believe that they should have similar structural and functional features in AQP1 and GlpF; in particular, the Asn residues of the motifs in AQP1 should be stable and play a similar role in the water permeation. Therefore, we decided to modify the NPA motifs of AQP1 according to the GlpF structure. Fig. 6 shows the original con¢guration of the NPA motifs and the con¢guration after the modi¢cation. In the original structure, some hydrogen bonds are not formed, especially the one between the side chain of Asn 76 and the backbone carbonyl oxygen of Ile 191 . The modi¢ed structure (model 3) has the same set of hydrogen bonds as in the GlpF structure. The structural changes needed for such manipulations were minimal and well within the resolution of the crystal structure; the applied modi¢cations only precluded the possibility of initially establishing hydrogen bonds to the other sites in that region.
After applying the modi¢cations, the Asn side chains were found signi¢cantly more stable, mainly due to the hydrogen bonds described above. Furthermore, the water molecules inside the channels were also better ordered than before, indicating that such structural modi¢cations are reasonable. In our simulations, the hydrogen bonds between residues in the same repeat (Asn and Ala) were fairly stable at all times; but the cross-repeat hydrogen bonds (between Asn and a backbone oxygen of the other repeat) were still more vulnerable to disturbance than found in GlpF simulations (paper submitted), and some of the hydrogen bonds were broken in the ¢rst 100 ps of the simulations. Examination of the trajectories showed that there are other structural features in GlpF that stabilize the peculiar NPA motifs and are absent in the AQP1 structure. Furthermore, di¡erent positions of other amino acids, such as Arg 195 , result in di¡erent hydrogen bond networks in the channel of GlpF and AQP1.
The hydrogen bonds between the NPA motifs are sensitive to their relative positions. Because of large £uctuation of the structure especially at the beginning of the simulations, in model 4, we applied constraints on the two cross-repeat hydrogen bonds in each monomer, in order to keep the bonds formed. As expected, forcing the NPA motifs to stay close to each other further improved the tendencies of water molecules in the channels to form continuous water ¢les, as was observed in three monomers.
The available structures of AQP1 [7, 8] do not agree with respect to the position of several key amino acids, including the NPA motifs. They also disagree in some respect with the high resolution (2.2 A î ) GlpF structure [5] . Comparison of the structure and the results of simulations performed on GlpF and AQP1 suggests that an improved AQP1 structure is needed for completely unraveling the mechanism of water transport in AQP1.
For instance, in the crystal structure of AQP1 [7] , Arg 195 forms a salt bridge with Glu 142 , which is very stable in all simulations. This keeps the side chain of Arg 195 away from the interior of the water channel. The corresponding residue in GlpF, Arg 206 , has a very di¡erent orientation, and by directly interacting with water and solutes plays an important Fig. 6 . Modi¢cation of the NPA motif; left: NPA motif from AQP1 crystal structure (1FQY); right: NPA motif after modi¢cation (models 3 and 4). In this structure, four hydrogen bonds (two between Asn residues and backbone nitrogen atoms of Ala residues in the same repeat, and two between Asn residues and backbone carbonyl oxygens of the other repeat) are well established. These hydrogen bonds are symmetric with respect to the tandem repeat. This con¢guration is very similar to that of the NPA motif in the GlpF structure [5] .
role in the conduction mechanism. We note that this Arg is one of the highly conserved residues in the whole AQP family. In the AQP1 structure resolved by Mitra et al. [8] , the orientation of this Arg, which is also one of the residues lining the channel, is more similar to that in GlpF. It is likely that the assignment of its side chain in the structure we used (1FQY) is not accurate. Furthermore, in the loops preceding the NPA motifs in the GlpF structure, glycerol and water molecules form hydrogen bonds exclusively with main chain carbonyl oxygens; whereas in AQP1, some main chain HN atoms also contribute. This could be either an intrinsic di¡erence between these two homologs, or may be an artifact due to the limited resolution of the AQP1 structure. Ongoing crystallographic studies to improve the resolution of the structure of AQP1 [40] may shed light on the issue.
Conclusion
The structure and dynamics of the AQP1 water channel in a lipid bilayer have been studied using MD simulations. The protein model was constructed based on one of the highest resolution AQP1 structures that for the ¢rst time permitted exploring AQP1 function at an atomic level. The complete model comprises a tetrameric AQP1 embedded in a fully hydrated POPC lipid bilayer, including altogether 60 000 atoms. Several interactions between the monomers as well as between the protein and lipids have been characterized. The calculations revealed a spontaneous di¡usion of water molecules from the bulk into the interior parts of the channel and demonstrated in some cases the formation of continuous water ¢les inside the monomers. The central channel formed by the tetramer was not hydrated at any time during the simulation and, therefore, does not seem to be involved in any ion or water conduction. Although the overall structure of the protein was relatively stable during the simulations and several functionally signi¢cant features of the channel could be inferred from the simulations, the details of the position of side chains and interactions between key groups in the channel do not seem to be consistently described in the available structures of AQP1, and further crystallographic analyses and simulations with the improved structure are required.
